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A B S T R A C T   
Study region: Little Kinyasungwe River Catchment, central semi-arid Tanzania. 
Study focus: The structure and hydraulic properties of superficial geology can play a crucial role in 
controlling groundwater recharge in drylands. However, the pathways by which groundwater 
recharge occurs and their sensitivity to environmental change remain poorly resolved. 
Geophysical surveys using Electrical Resistivity Tomography (ERT) were conducted in the study 
region and used to delineate shallow subsurface stratigraphy in conjunction with borehole logs. 
Based on these results, a series of local-scale conceptual hydrogeological models was produced 
and collated to generate a 3D conceptual model of groundwater recharge to the wellfield. 
New hydrological insights for the region: We propose that configurations of superficial geology 
control groundwater recharge in dryland settings as follows: 1) superficial sand deposits act as 
collectors and stores that slowly feed recharge into zones of active faulting; 2) these fault zones 
provide permeable pathways enabling greater recharge to occur; 3) ‘windows’ within layers of 
smectitic clay that underlie ephemeral streams may provide pathways for focused recharge via 
transmission losses; and 4) overbank flooding during high intensity precipitation events increases 
the probability of activating such permeable pathways. These conceptual models provide a 
physical basis to improve numerical models of groundwater recharge in drylands, and a con-
ceptual framework to evaluate strategies (e.g., Managed Aquifer Recharge) to artificially enhance 
the availability of groundwater resources in these regions.   
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1. Introduction 
Drylands (subhumid to hyper-arid regions) cover 45 % of the earth’s surface (Prăvălie, 2016) and support a population of around 2 
billion people, 90 % of whom live in developing countries (UN, 2017). Characterized by large atmospheric water demands and 
temperature contrasts (Cherlet et al., 2018), surface water is often seasonally or perennially absent in drylands (Wheater et al., 2008) 
and groundwater is often the principal and most reliable source of water in these regions (MacDonald et al., 2012; Shanafield and 
Cook, 2014). 
Owing to their hydrological characteristics, drylands are likely to experience increased water stress in the coming decades (Gleeson 
et al., 2012; Taylor, 2014; Wada et al., 2010) due to anthropogenic pressures (Chen et al., 2019; DESA, 2017; Rulli et al., 2013; Wada 
et al., 2013) and climatic changes (Abel et al., 2020; Berdugo et al., 2020; Huang et al., 2017; Taylor et al., 2013a). Hence, improved 
understanding and quantification of groundwater recharge in dryland areas is critical to the sustainable management of groundwater 
resources in the future (Gleeson et al., 2020; Head et al., 2014; Meixner et al., 2016) 
Groundwater recharge in drylands often occurs by way of leakage from runoff and surface-water sources, a process we refer to in 
this paper as ‘focused recharge’ (Simmers, 2003; Healy and Scanlon, 2010; Cuthbert et al., 2016, 2019a, 2019b). Yet, despite its 
present and future importance, the spatio-temporal controls on focused groundwater recharge in drylands, and their sensitivity to 
environmental change, are currently poorly understood (Acworth et al., 2016; Cuthbert et al., 2019a; Scanlon et al., 2006; Taylor et al., 
2013a; Wheater et al., 2010). 
In temperate climates, the geometry and permeability of superficial deposits is known to moderate potential recharge to underlying 
bedrock aquifers (Griffiths et al., 2011; Misstear et al., 2009), and local-scale configurations of these deposits provide recharge 
pathways through high permeability layers (Cuthbert et al., 2009). It is also likely that the structure and hydraulic properties of su-
perficial geology play a crucial role in controlling surface-groundwater interactions in drylands (Scanlon et al., 2006; Wheater et al., 
2010). For example, marked temporal and spatial variability in the hydraulic conductivities of streambed and floodplain deposits can 
provide controls on surface-groundwater interactions in dryland ephemeral stream systems (Costa et al., 2012; Dahan et al., 2008; 
Flinchum et al., 2020; McCallum et al., 2014; Telvari et al., 1998; Wang et al., 2017). Further, heterogeneities in the hydraulic 
properties and structure of superficial deposits have been hypothesised to influence the subsurface dynamics of groundwater recharge 
to deeper aquifers (Acworth et al., 2020; Rau et al., 2017). 
Few studies to date have made quantitative detailed observations of superficial geological structure in drylands to better under-
stand the likely flowpaths and processes controlling groundwater recharge. The objectives of this paper are thus to explore the po-
tential physical basis for groundwater recharge by determining the geometry and inter-relationships between superficial deposits, 
underlying geology, and fracture systems in the intensively monitored and pumped groundwater system of the Makutapora Wellfield 
in the Little Kinyasungwe River Catchment of central Tanzania. This system comprises a weathered and fractured crystalline basement 
aquifer system that is overlain in part by low permeability smectitic clays and, despite intensive groundwater abstraction, is 
replenished on a decadal timescale by episodic recharge events (Taylor et al., 2013b). To accomplish this, we conducted a series of 
geophysical investigations using Electrical Resistivity Tomography (ERT) and, in conjunction with borehole data and field observa-
tions, identified various geoelectrical structures and correlated these with interpreted subsurface lithology. Based on these findings, we 
present a series of local- and basin-scale conceptual models that identify multiple potential recharge pathways, illustrating how su-
perficial geology may control focused recharge in the Little Kinyasungwe River Catchment. Although our study was not designed to 
quantitatively determine the relative proportions of diffuse and focused recharge in the Little Kinyasungwe River Catchment, our 
conceptual models provide a first step in quantifying recharge in the study area in the future, and we propose these models will be 
transferable to other dryland regions globally. 
2. Materials and methods 
2.1. Study area 
The Makutapora Wellfield, situated within the Little Kinyasungwe River Catchment (Fig. 1), is underlain by the fractured crys-
talline basement of the Dodoma craton in central Tanzania (Kashaigili et al., 2003) and is approximately 20 km north of the capital 
city, Dodoma. The catchment occupies an area of 698 km2 upstream of the Chihanga flow gauge located (Fig. 1) at the catchment outlet 
and forms the upper section of the River Wami Basin. (Shindo, 1989). 
The climate is semi-arid and characterized by distinct wet and dry seasons. Average air temperatures are 23 ◦C, with highs ranging 
from 26.5 ◦C to 30.5 ◦C in July-October, and lows from 13.6 ◦C to 18.8 ◦C in Nov-June (WMO, 2020). Average annual precipitation is 
550 mm at Makutapora Meteorological Station (Fig. 1), 99 % of which falls in a single wet season from December to April (Seddon, 
2019; Taylor et al., 2013b). Short-lived observations in the catchment suggest that precipitation in the upland areas may be greater 
than on the floor of the catchment (Onodera et al., 1995; Seddon et al., 2021). There have been several estimates of potential 
evapotranspiration in Makutapora (Fawley, 1958; Kashaigili et al., 2003; Onodera et al., 1995; Shindo, 1989, 1990), the most recent 
being 2120 mm⋅yr− 1, based on 3 non-consecutive years of data recorded between 2003 and 2006 at the Makutapora Meteorological 
Station (Seddon, 2019). 
The catchment is underlain by basement rocks comprised of Precambrian synorogenic granites and migmatite biotite gneiss of the 
Dodoma Basement Superterrane (De Pauw et al., 1983; Kabete et al., 2012; Ministry of Water, 1976), with more intrusive ultrabasic 
complexes of amphibolite and quartzo-feldspathic gneisses with biotite outcropping within the wellfield and Meya Meya regions 
(Fig. 1). Metamorphosed rocks are also present in the region and amphibole schists crop out in a belt of inselbergs surrounding Meya 
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Meya (Julian et al., 1963). 
Apart from outcrops at the topographic highs of the Chenene Hills (Kashaigili, 2010) or along channels of ephemeral streams 
(Hayashi and Chiba, 1994), these basement rocks are generally covered by a deeply weathered regolith (50–100 m thick) of fractured 
saprock, saprolite, and pedolitic products of Neogene age at varying stages of chemical decomposition (Julian et al., 1963). Regolith 
composition varies throughout and is related to the mineralogy of the underlying parent rock. 
The regolith is overlain by unconsolidated alluvial material consisting of detrital sands, gravels, and silts. (Kashaigili et al., 2003; 
Nkotagu, 1996). In the centre of the catchment and in the lowland areas of the wellfield depression, the regolith is overlain by layers of 
black, smectitic ‘Mbuga’ clay (Onodera et al., 1995). Such black smectitic clays often exist as valley infill in the rifted basins of central 
Tanzania (Bianconi and Borshoff, 1984). These are also typical of other semi-arid regions across the world in similar geological 
contexts (Oakes and Thorp, 1951), and have previously been associated with the presence of seasonal freshwater swamps in Maku-
tapora (Wade and Oates, 1938). 
Tectonic activity associated with the Manyara-Dodoma rift segment, a branch of the East African Rift system extending south across 
the Dodoma craton (Dawson, 2008), has left a complex network of faults in the study area. These faults are expressed as linear features 
trending SW-NE & NW-SE across the topography of the region (Macheyeki et al., 2008) as seen in Fig. 1. The main faults that cross the 
study area, the Mlemu and Kitope, form a natural NW boundary to the Makutapora wellfield, which is situated along a distinct 
fault-bounded topographic lowland depression within the wider catchment, and there is evidence of further faulting north of the 
catchment (Kabete et al., 2012). The large-scale discontinuities and dense fracture networks associated with faults such as the Mlemu 
are the defining hydrogeological feature of Makutapora, giving rise to anomalously high transmissivities of 400 to 4000 m2d− 1 within 
the wellfield, and producing high well yields in boreholes proximal to the faults (Maurice et al., 2019; Rwebugisa, 2008). 
The wellfield is presently the sole source of Dodoma’s municipal and industrial water supply and in 2016 supplied the city with an 
average of 50,000 m3⋅day− 1 of freshwater (DUWASA, 2017). Groundwater abstraction in the wellfield has increased from 0.1 to 1.5 
million m3 per month and, despite having exceeded previous estimates of its maximum sustainable yield, groundwater levels are 
currently higher than they were in the 1990s and roughly the same as they were prior to development (Seddon, 2019). Long-term 
groundwater level data from the wellfield indicates that intensive groundwater abstraction is replenished on a decadal timescale 
by episodic recharge events during exceptional seasonal rainfalls associated with El Niño events, interrupting multi-annual recessions 
in groundwater levels (Cuthbert et al., 2019b; Kolusu et al., 2019; Taylor et al., 2013b). 
Previous research in the catchment suggests that this episodic recharge is focused by way of ephemeral streams flowing over coarse- 
grained soils within alluvial fans at the margins of the wellfield depression (Onodera et al., 1995; Shindo, 1989, 1990). Diffuse 
recharge through the soil matrix or via soil macropores and fractures that bypass the soil matrix, is also thought to occur within the 
catchment (Shindo, 1989, 1990). However, it is not known what the relative contributions of diffuse and focused recharge are in this 
area, nor is it addressed quantitatively in this study. 
2.2. Geophysical methods 
2.2.1. Electrical resistance tomography data acquisition, processing, and inversion 
Geophysical techniques have received increasing attention in recent years due to their non-destructive character and ability to 
provide information on subsurface features over large areas (Binley et al., 2015; Parsekian et al., 2015; Singha, 2017). Among the 
available techniques, electrical resistivity tomography (ERT) was chosen for this study for its ability to map and characterise superficial 
deposits for hydrological interpretation (e.g. Gourry et al., 2003; Andersen and Acworth, 2009; Cuthbert et al., 2009; Clifford and 
Binley, 2010; Gourdol et al., 2018). 
In this study an AGI SuperSting R8 resistivity meter (http://www.agiusa.com) was used in dipole-dipole configuration. This 
configuration made efficient use of the instrument’s multichannel capability and provided good lateral and vertical resolution. A 64- 
electrode array with dipole sizes (a) of a = 6 and a = 8, and dipole separations (n*a) with n = 1–8 were used, and combinations of long 
(>3 m) electrode spacings used in areas where penetration depth was important, while shorter (2 m) electrode spacings used in areas 
where high resolution targets were to be delineated (see Table S1 for detailed survey set-up parameters) 
Areas close to and parallel with roads or overhead power cables were avoided to minimize interference from other electrical signals 
or man-made disturbances of the subsurface. Dry and hard-ground conditions necessitated the use of saltwater to improve electrode 
contact resistance, and scrub vegetation commonly had to be removed to ensure the lines were able to maintain precise, straight-line 
orientations. Start and end points of sections were located using a GPS (Garmin eTrex 10) to <5 m uncertainty and orientated by taking 
a compass bearing. The relative elevations of the topographic variations along each line were measured using a Leica Disto D410 with a 
vertical accuracy of 1 mm. 
Each apparent resistivity measurement was made in normal ρn and reciprocal ρr configuration (LaBrecque et al., 1996) with the 
measurement value used defined as the mean of these two measurements, ρm. The percentage standard error in this mean, referred to 







Fig. 1. The Makutapora Wellfield with NASA Shuttle Radar Topography Mission data (30 m resolution) Digital Elevation Model (NASA et al., 2019) 
overlain. Location of study sites outlined in black and location of wellfield within greater Little Kinyasungwe River catchment (inset). Catchment 
was delineated using the Digital Elevation Model (DEM). Major faults in the study area are labelled and name and position as mapped by current 
literature (Rwebugisa, 2008; Shindo, 1990). 
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Negative apparent resistivity data points were removed, and measurements with reciprocal errors greater than 5% were filtered 
out. This filtered dataset was inverted using the RES2DINV (Geotomo Software) algorithm (Loke, 2001). A least squares data constraint 
was used that minimizes the error between the observed and calculated apparent resistivity values, and a limit of 4 iterations was set to 
avoid model over-fitting. A robust model constraint, incorporating topographic variations, was selected over a least squared inversion 
constraint since it is known to better resolve sharp geological boundaries expected within the study area (Loke et al., 2003). In this 
case, it was important to delineate the boundaries between the superficial deposits, in-situ regolith, and zones bounded by normal 
faulting. Inverted data are presented as geoelectric pseudosections (Edwards, 1977) and used in the intepretation of geoelectric layers 
and subsurface lithology. 
2.2.2. Intepretation of geoelectrical models 
Due to the smoothing and non-uniqueness inherent in fitting 3D geological structure to 2D resistivity models (Aizebeokhai and 
Singh, 2013; Dahlin et al., 2007), independent data were used to aid interpretation and to assist in identifying layer boundaries in the 
images. Boreholes with lithological data proximal to survey lines were collated from the Tanzanian Ministry of Water in Dodoma 
(Table A2) and superimposed onto these sections to correlate geoelectrical layers and lithological observations. In addition, field 
observations were used to constrain the resistivity ranges for superficial deposits observed at the ground surface. Sharp discontinuities 
seen in the geoelectrical sections were corroborated with field observations of faulted zones and regions of faulting inferred from 
analysing topographical data from STRM 30 m DEM of the study area (NASA et al., 2019). 
Water content and temperature variations are known to affect subsurface resistivity (Brunet et al., 2010) but these effects were not 
considered in the interpretation of geological layers since they are greatly outweighed by contrasts in resistivity due to lithological 
variation, which are the focus of this study. Further, geophysical surveys were undertaken in the middle of the dry season (June-July) 
when variations in soil moisture content and temperature between the dates of individual surveys were minimal. 
Forward modelling using the RES2DMOD software (Loke, 2002) was used to identify and rule out various unexpected features 
found in some of the inversions to decide whether they should be interpreted as ‘true’ variations in subsurface resistivity. Firstly, 
several inversions at the Nzuga (Figs. A4, 9–12), LK (Fig. A15, 17), Meya Meya (Fig. A18) and Chihanga (Fig. A19) sites show low 
resistivity zones underlying regions of high (> 250 Ω m) resistivity at the surface. Secondly, we observe many sections at Nzuga 
(Figs. A9–11) and Meya Meya sites (Fig. A19) which have decreasing resistivity with depth underlying shallower zones of > 40 Ω m 
resistivity (See Section 3.1 for further discussion). 
Using the field site profile characteristics of the Nzuga 8 survey (Fig. A10), a simplified two-layer synthetic model of the subsurface 
was developed for the forward modelling exercise. The top layer for the model was defined as 0–2.5 m with a resistivity of 40 Ω m, and 
the bottom layer from 2.5 to 30 m with a resistivity of 20 Ω m (Fig. A20). Two regions 10 m wide and 3 m thick with high, 1000 Ω m, 
resistivities were then added to the model to examine the effects of pockets of high resistivity material (Fig. A21). The synthetic results 
indicate that these low resistivity features (circled in black in Fig. A21) occur despite the attempts to minimise the number of iterations 
and are thus anomalous features. Further synthetic results indicate that sections with decreasing resistivity with depth were indeed 
true features that cannot be re-created without adding decreasing resistivity layers with depth in our forward models. 
2.3. Survey locations 
A total of 17 ERT surveys were conducted in June and July 2019 at four locations within the study area. These areas are shown in 
Fig. 1, and a map of survey lines at each study site are shown inset within Figs. 2–5. These locations were chosen to be representative of 
the various catchment areas that surround the wellfield as described for each site below. Three sites (Meya Meya, LK and Chihanga) are 
situated on the Little Kinyasungwe River, which comprises 75 % of the catchment area draining into the Makutapora wellfield 
depression. 
Meya Meya, the furthest upstream survey site, is located approximately 20 km upstream from the Makutapora wellfield. This 
location was chosen for one survey (Fig. 6 and A18) to coincide with the long-term stream gauge monitoring taking place at the site 
(Seddon et al., 2021). This gauge measures the inflow of the Little Kinyasungwe River into the next downstream study site (LK). The 
purpose of surveys in this area is to provide geological context to streamflow patterns recorded here and the geological structure 
comprising upland ‘pediplain’ areas that surround the wellfield (Shindo, 1989). 
The site ‘LK’ was chosen for 5 surveys (Figs. A13–17) to constrain the geological configuration underneath the Little Kinyasungwe 
River as it enters the wellfield depression. This site is bounded by the Kitope fault to the East and is situated in a lowland area covered 
by Mbuga Clay and silts. In seasons with particularly high precipitation, these lowland regions can experience overland flow and 
inundation during the wet season (Fig. A2). 
The Chihanga site represents the furthest downstream survey site on the Little Kinyasungwe River and was chosen for one survey 
(Fig. 5 and A19). Like Meya Meya, it was chosen to constrain the geological conditions as the stream exits the wellfield depression into 
the downstream Hombolo basin. 
The fourth site is in the vicinity of the ephemeral Nzuga stream and lies on the North-Western edge of the wellfield. This site was 
chosen for 10 surveys (Fig. 2 and A3–12). The Nzuga stream crosses the Zanka and Mbuga faults before terminating in the wellfield 
Fig. 2. Nzuga study site - with map of ERT surveys (top), combined longitudinal geoelectric section of the study site (middle) and interpreted 
geological structure and conceptual model (bottom). Interpreted borehole logs (Table A2) superimposed in black. Labels and arrows drawn 
correspond to recharge pathways outlined in in Section 3.2. 
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depression, forming an alluvial fan. Spot gauging within the stream has shown that ephemeral streamflow does not always reach the 
depression and is instead thought to be lost by leakage from the stream channel into underlying and surrounding superficial deposits 
(Shindo, 1990). Such ‘headwater channels’ (Sutfin et al., 2014) are common throughout the region in the transition slopes between 
upland and lowland areas and comprises approximately 25 % of the catchment area flowing into the catchment. 
3. Results and discussion 
3.1. Geoelectric units 
Integrating the results of the 17 ERT surveys (Figs. A3–19) with interpreted borehole log information (Table A2) and outcrop field 
observations (Fig. A1), we defined five main geoelectrical units in the catchment, and associated inferred lithologic properties and 
depositional settings as follows:  
a) Deposits of coarse sand (>250 Ω m) and silts (20–160 Ω m)  
b) Transported smectitic clays (<10 Ω m)  
c) Cemented pedolitic soils (30–80 Ω m)  
d) Smectite-rich Saprolite (15–30 Ω m)  
e) Weathered saprock (110–450 Ω m) 
These layers correspond to the idealised weathering profile of tropical soils above crystalline basement rocks described in the 
literature (Dewandel et al., 2006; Fookes, 1997; Taylor and Eggleton, 2001; Taylor and Howard, 1999; Wright and Burgess, 1992) and 
fall within a corresponding range of resistivies for weathered products of mafic origin containing 2:1 clays established for similar 
geological provinces (Anudu et al., 2014; Barongo and Palacky, 1991; Beauvais et al., 1999; Belle et al., 2019; Ritz et al., 1999; 
Robineau et al., 2007). The presence or absence of the different layers in the profile varies from location to location in the study area, 
which we interpret due to local variations in rock type and structure, topography and rates of sediment erosion and deposition. 
The topmost layer (a) comprises sand of variable grain sizes ranging from coarse to fine (See Fig. A1 3c) with resistivities >250 Ω m, 
set amongst silts with resistivities of 20–160 Ω m. Sand is 0.5–4 m thick and is present but often discontinuous at all the study sites. 
Continuous <0.5 m thick layers of sand were directly observed within the dry streambeds of the Nzuga (Figs. A6, 9, 12), and Little 
Kinyasungwe River at Meya Meya (Fig. A18), LK (Figs. A15, 17) and Chihanga (Fig. A19). Thicker layers of sand are particularly 
prominent at the Nzuga site, where they exist as 1–4 m thick deposits in and around the banks of the Nzuga (Figs. A5, 9–12), and 
smaller 1–2 m thick deposits in Little Kinyasungwe (Figs. A15, 17). Owing to their channel-like morphology, we interpret these sand 
deposits as abandoned ephemeral stream channel alluvial deposits. Silts often surround these pockets of coarser alluvium and are most 
commonly present as <0.5 m thin layers in the soil profile surrounding the Nzuga stream and Little Kinyasungwe River. However, 
thicker layers (1–2 m) of these silts are particularly prominent in the alluvial fan of the Nzuga (Figs. 3, A3, 4), and in the floodplain 
areas surrounding the Little Kinyasungwe River at the LK site (Figs. 4, A13, 15, 17, and see Fig A1 5). We interpret these as overbank 
deposits from the existing or previous ephemeral stream network. 
Very low resistivity layers (<10 Ω m) (b) are present in every study area, and in outcrops that correspond with layers of black, 
smectitic ‘Mbuga Clay’ (see Fig. A1 4). This clay layer is 30 m thick in the downstream reaches of the Nzuga stream where it meets the 
wellfield depression 
(Figs. 3 and A3–5) and is also present as a 10–25 m thick layer below the Little Kinyasungwe River in the LK site (Figs. 4 and 
A15–17). At the Meya Meya site, this low resistivity clay exists only as an isolated 0.5 m thick layer 40 m away from the Little 
Kinyasungwe River (Fig. A19). More prominent 0.5–1 m thick deposits of this clay can be seen surrounding but not underlying the 
Little Kinyasungwe River at the Chihanga site (Figs. 5 and A19). We interpret these clay layers to be transported basin infill deposits in 
the downthrown side of Mlemu and Kitope faults at the Nzuga and LK sites, respectively. However, at Chihanga it is unclear whether 
these deposits are previous basin infill that has subsequently been cut through by the Little Kinyasungwe, or more recent over bank 
deposits. 
Underlying these transported sediments, we observe a zone of approximately 80 Ω m (c) that crops out within the Nzuga streambed 
(see Fig. A1 3b) but only upstream of the Mlemu Fault (Figs. 3 and A11–12), as well as within the streambed of the Little Kinyasungwe 
River at both the Meya Meya (see Fig. A1 1a) and Chihanga sites. This comprises quartz grains (1–4 mm) interbedded in a yellow to 
white fine sandy-clay matrix (see Fig. A1 3a). At the Nzuga (Figs. 3 and A9–12) and Meya Meya (Fig. A18) sites, the resistivity of this 
zone further decreases with depth, from approximately 80 to 30 Ω m. Comprising the uppermost in-situ cemented layer of our profile, 
we interpret this layer as a pedolith (or mottled zone), with a decrease in resistivity with depth suggesting a transition from 1:1 
pedogenic clays to increasing proportion of 2:1 clays 
as the weathering profile moves below the water table and approaches the saprolite (Pal et al., 1989). This transition is common in 
tropical profiles, and in the partial weathering of mafic materials, where 2:1 clays typically persist below the water table where less 
intense weathering processes in the saturated zone inhibits weathering of 2:1 clays to kaolinite (Taylor and Howard, 1999). At 
Fig. 3. LK study site - with map of ERT surveys (top), combined longitudinal geoelectric section of the study site (middle) and interpreted geological 
structure and conceptual model (bottom). Interpreted borehole logs (Table A2) superimposed in black. Labels and arrows drawn correspond to 
recharge pathways outlined in in Section 3.2. 
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Fig. 4. Chihanga study site - with map of ERT surveys (top), combined longitudinal geoelectric section of the study site (middle) and interpreted 
geological structure and conceptual model (bottom). Interpreted borehole logs (Table A2) superimposed in black. Labels and arrows drawn 
correspond to recharge pathways outlined in in Section 3.2. 
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Fig. 5. Meya study site - with map of ERT surveys (top), combined longitudinal geoelectric section of the study site (middle) and interpreted 
geological structure and conceptual model (bottom). Interpreted borehole logs (Table A2) superimposed in black. Labels and arrows drawn 
correspond to recharge pathways outlined in in Section 3.2. 
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shallower depths above the water table, variable saturation can lead to micro-weathering environments that create lower pH and 
higher complexing agent concentrations that accelerate weathering to kaolinite (Dennis et al., 2009; Taylor and Howard, 1999). 
At the Nzuga and Meya Meya sites, there is a continuous geoelectric gradient with depth as resistivities further decrease to 10–30 Ω 
m (Figs. A9–11, A18). Based on interpretation of borehole data, we interpret this as a gradual transition from lower pedolith to upper 
saprolite zone (d), with a resistivity of 10–30 Ω m typical of saprolites of smectitic composition seen in similar geological provinces (e. 
g. Pal et al., 1989; Taboada and Garcia, 1999; Robineau et al., 2007; Anudu et al., 2014). This continuous decrease of resistivity is 
indicative of the boundary between the saprolite and pedolith, known as the pedoplasmatic front, which is characterized by a change 
in composition from pedogenic clays to more less weathered, lithic material (Stoops et al., 2018). 
However, this 10–30 Ω m saprolitic layer is non-existent in the geoelectric sections at the LK and Chihanga sites (Figs. 4 and 5). 
Instead, zones of 60–80 Ω m, interpreted as indicative of 1:1 pedolitic clays described earlier, are immediately underlain by higher 
resistivity zones of 110–450 Ω m, increasing with depth. This higher resistivity zone has been interpreted as zones of 
fractured bedrock or saprock (e) and distinguished from >250 Ω m zones of coarse sand seen at the surface, or saprolite composed 
of more 1:1 clays, using borehole lithological interpretations. This wide resistivity range of 110–450 Ω m is common in the saprock of 
crystalline basement systems because of the fractured nature of the saprock - fractures filled with water or decomposed clays from the 
saprolite create inherent inhomogeneities in the subsurface resistivity (Dewandel et al., 2006; Robineau et al., 2007) 
Sharp discontinuities in resistivity seen at the Nzuga (Figs. 3 and A11–12) and LK site (Figs. 4 and A13) are interpreted as zones of 
normal faulting and correspond to the Mlemu and Kitope faults, respectively. These discontinuities also correspond with zones of 
faulting identified from the DEM (see Section 2.2.3) and are typically bounded on the downthrown side with infill of transported clays 
(i.e. layer b) in Figs. 3 and 4. 
3.2. Conceptual models 
Based on the results and interpretation of the geoelectric data collected in the study area, a series of local-scale conceptual 
hydrogeological models of focused recharge at the Nzuga, LK, Chihanga and Meya Meya sites have been produced. These are shown 
schematically in Figs. 2–5, respectively, with interpreted borehole lithological data superimposed in black (where available) and 
focused pathways highlighted in dark blue. These local-scale models were then collated, and in conjunction with borehole log in-
formation, used to produce a 3D conceptual model of the recharge processes (including diffuse processes) in the Makutapora wellfield, 
Fig. 6. Conceptual Model of the Makutapora wellfield showing configuration of superficial deposits and highlighting permeable pathways described 
in Section 3.2. Note that saprock and saprolite horizons have been grouped into ‘saprolith’ layer. 
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shown in Fig. 6. Based on these models, we propose that the superficial (transported) deposits control recharge to the deeper bedrock 
aquifer system as follows: 
F. Focused recharge pathways:  
• F1. Ephemeral streams lose water into the underlying aquifer via sufficiently permeable intervening superficial deposits and/or 
weathered bedrock material. This potentially occurs at all study sites. Rates of recharge are likely controlled by the hydraulic 
properties of the underlying geology, in addition to the stream flow frequency and the depth to the water table (Quichimbo et al., 
2020). The lithological characteristics of smectitic Mbuga clays (Fig. 4 and Fig. A1 4) suggest these have low matrix hydraulic 
conductivities of the order of 1e-10 ms− 1, although that could be enhanced by one or two orders of magnitude if preferential flow 
pathways are prevalent (Crane et al., 2015; Timms et al., 2018). Conversely, streams on the Nzuga, Chihanga and Meya Meya sites 
(Figs. 2, 4 and 5, respectively) directly overlie pedolitic soils, which are assumed to be more hydraulically conductive. The presence 
of thick layers of smectite clay rich saprolite underlying this pedolith at the Nzuga and Meya Meya sites however would restrict 
flow. 
• F2. Shallow permeable alluvial deposits collect ephemeral stream losses and runoff but due to the variable permeability of un-
derlying materials, this water is stored and slowly redistributed in the subsurface. These shallow stores of water form local perched 
aquifer systems upstream of the Mlemu fault in the Nzuga site (Shindo, 1990), and within pockets of thick alluvium in the overbank 
regions of the Little Kinyasungwe River at LK (observed in the field by the authors). Such groundwater may flow slowly longi-
tudinally downslope via connected alluvial ribbons to:  
o ET. discharge back to the atmosphere via evaporation either directly, where shallow enough, or through transpiration from 
riparian vegetation  
o F2(a). flow into the deeper bedrock aquifer via more permeable ‘windows’ in the underlying superficial deposits or  
o F2(b) flow into the deeper bedrock aquifer via highly permeable fractures or fault zones interconnected to the underlying aquifer 
system (Bense et al., 2013)  
• F3. Overbank ephemeral stream flows find permeable recharge pathways. Long term stream stage and groundwater relationships 
suggest that anomalously large rainfall events (and, as such, stream discharges) associated with El Niño events provide significant 
recharge to the Makutapora wellfield (Seddon et al., 2021). The Little Kingusygwe River, the main ephemeral stream that channels 
surface runoff to the wellfield, is often underlain by impermeable smectitic clays (Fig. 3). However, stream stage data indicate these 
large rainfall events lead to overbank flows, and these flows may locate permeable pathways and faulted zones that bypass this 
impermeable clay and lead to greater groundwater recharge (Seddon et al., 2021). This recharge pathway is similar to the results of 
Lange (2005), who also found greater transmission losses with higher flow events attributed mainly to enhanced water losses in 
flooded overbank areas. 
D. Diffuse recharge:  
• D1. Rainfall-sourced ‘direct’ (‘diffuse’) recharge occurs when soil moisture deficits are overcome, or preferential flow pathways are 
activated through sufficiently permeable superficial deposits. One previously described mechanism which may be prevalent on the 
interfluve areas is enhanced recharge in the vicinity of abundant abandoned termite mounds (Shindo, 1990).  
• D2. Vertical leakage through smectite clay deposits may be induced or increased by pumping in the underlying aquifer. Although 
the matrix hydraulic conductivity of the smectite clays are likely to be very low (see pathway F1), biological and weathering 
processes may compromise the hydraulic integrity of such deposits and allow more permeable syn-depositional macropores to 
accumulate deep into the formation and act as preferential flow networks (Crane et al., 2015; Timms et al., 2018). This recharge 
flux via the lowland Mbuga clay may be low, but should not be discounted as a potential pathway for diffuse recharge into the 
bedrock aquifer system as it may occur over substantial areas. 
G. Redistribution of groundwater from recharge zones to the wellfield:  
• High transmissivities in the faulted bedrock allow for quick redistribution of groundwater within the fractured aquifer system, 
capturing recharge from a wide range from the above pathways across the catchment. Pumping tests in the Makutapora Wellfield 
indicate transmissivities of 400 to 4000 m2⋅d− 1, much greater than typical weathered crystalline rock aquifer systems, that 
commonly range from 1 to 10 m2⋅d− 1 (Bianchi et al., 2020). These anomalously high transmissivities arise from extensive faulting 
within the saprock (Maurice et al., 2019; Nkotagu, 1996). These fault systems in essence act as ‘collectors’ for groundwater 
recharged and stored in the regolith and weathered zone from both focused and diffuse sources as described. 
3.3. Discussion and implications 
In our study, the use of ERT has enabled a range of geometrical relationships to be defined among different geoelectric layers. The 
use of outcrop observations and borehole log information has then enabled lithological interpretations to be made from the geoelectric 
layers. At the Meya Meya site, borehole information was not available and robust lithological interpretations from the ERT data were 
only possible through the resistivity ranges of subsurface layers ascertained from the other study sites in the catchment, together with 
outcrop observations within the streambed of the Little Kinyusungwe River at Meya Meya (Fig. A1). As such, the borehole logs and 
outcrop observations were critical to reducing the uncertainty in the conceptual models developed, and caution should be applied 
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when interpreting ERT data in isolation in such environments. 
Our study was not designed to quantitatively determine the relative proportions of diffuse and focused recharge in the study site, 
but to identify potential recharge typologies. Our conceptual models reveal several potential focused recharge pathways that are 
consistent with previous studies where residence time indicators have suggested local recharge at Makutapora has a strong component 
of preferential flow following high-intensity rainfall events (Hayashi and Chiba, 1994; Maurice et al., 2019; Onodera et al., 1995; 
Senguji, 1999; Shindo, 1990), and with the findings of Taylor et al., 2013a,2013b and Cuthbert et al., 2019b, which demonstrated that 
recharge at Makutapora occurs episodically following intensive precipitation, on average two or three times each decade over the last 
60 years. This bias of recharge towards intensive precipitation has previously been indicated in hydrometric (Cuthbert et al., 2019b; 
Taylor et al., 2013b), stable isotope (Banks et al., 2020; Jasechko and Taylor, 2015; Vogel and Van Urk, 1975) and modelling (Eilers 
et al., 2007) studies in other semi-arid areas. As such, as projected decreases in mean annual precipitation are thought to lead to 
decreases in groundwater recharge in drylands (Jiménez Cisneros et al., 2014), increases in episodic recharge from more intensive 
precipitation events may offset these projections. However, caution is needed in such interpretations in the absence of local data on the 
exact nature of the recharge mechanisms, since local geological heterogeneity can in some cases lead to results that are contrary to this 
general expectation (Acworth et al., 2020). 
The Nzuga study site was specifically chosen to represent smaller headwater streams that drain upper pediplain regions into the 
wellfield depression. Although these streams drain only 25 % of the catchment area into the wellfield depression, our conceptual model 
from the Nzuga site (Fig. 3) indicates that these streams may activate a greater proportion of recharge pathways than even the larger 
Little Kinyasungwe River, which is hypothesized to generate substantial recharge only in large precipitation events that lead to 
overbank flows (see Section 3.2). Therefore, while the Little Kinyasungwe River may be important in facilitating large recharge events, 
it may be possible that smaller streams provide a proportion of recharge in years between larger events by slowly ‘drip feeding’ 
recharge into the fault system. 
As the population of Dodoma and other cities in drylands are set to increase the demand for freshwater in the coming decades (UN, 
2017), it is possible that this increased abstraction may lead to increased recharge in the study area. This may occur as increased 
pumping, and subsequent drawdown, leads to increased capture (Bredehoeft, 2002; Theis, 1940) as the cone of depression reaches 
further out. For example, this may increase the subsurface storage available in areas of previously shallow water table, thus activating 
new recharge pathways to collect recharge from an even wider area that may have otherwise been rejected. This increased recharge is 
difficult to quantify however, and future groundwater level monitoring at a wider range of distances from the wellfield may further 
elucidate the relative magnitude of diffuse recharge processes in our study site, and its uncertain relationship to focused recharge. 
We propose that our study site acts as an analogue for the geological and climatological conditions in many other parts of sub- 
Saharan Africa, 40 % of which are also underlain by weathered crystalline aquifers (MacDonald et al., 2012). These aquifers pro-
vide a vital source of reliable freshwater to over a quarter of a billion people in sub-Saharan Africa (Macdonald et al., 2008; Taylor and 
Tindimugaya, 2011), and groundwater abstraction to supply domestic water is expected to increase dramatically in the region (Braune 
and Xu, 2010; Taylor et al., 2009). Furthermore, indirect recharge from ephemeral streams (e.g. pathways F1, F2(a) and F2(b) 
described in Section 3.2) are likely prevalent in dryland alluvial settings of large global extent where ephemeral streams comprise >80 
% of the dryland river network (Levick et al., 2008; Sabater and Tockner, 2009), and there is a growing body of literature using 
near-surface geophysics to that highlight the importance transmission losses and groundwater recharge in such dryland systems (e.g. 
Callegary et al., 2007; Shanafield et al., 2020). Our study sites were chosen to represent a range of ephemeral stream geomorphologies 
observed in dryland regions (Sutfin et al., 2014), excluding bedrock headwater channels which were difficult to access in our study 
region. Moreover, our models are directly applicable to dryland areas dominated by smectite clay (Acworth and Timms, 2003; Crane 
et al., 2015; Timms et al., 2019), the presence of which is typical of dryland regions across the world in mafic geological contexts 
(Oakes and Thorp, 1951). 
Accurate quantification of recharge in dryland settings remains a challenge, with no widely applicable method currently available 
that can directly and accurately quantify the volume of rainwater that reaches the water table (Healy and Scanlon, 2010; Scanlon et al., 
2002; Shanafield and Cook, 2014) despite multiple lines of evidence (Villeneuve et al., 2015). We believe our models provide a first 
step towards the quantification of recharge in drylands by shedding light on potential focused recharge pathways in the region which 
could be tested in the future using a variety of hydrogeological techniques. For example, soil moisture profiles placed proximal to areas 
of potential recharge have enabled the tracking of deeper infiltration through multiple layers of varying geological characteristics in 
hyper-arid settings (Dahan et al., 2008). Temperature tracing has also been used with great success to quantify shallow 
surface-groundwater interactions beneath ephemeral streams (Rau et al., 2017) 
Our models provide an informed physical basis for future 3D numerical modelling of groundwater flow by incorporating superficial 
geological structure (Turner et al., 2015), and predicting responses to groundwater systems with variable geology to anthropogenic 
pressures and environmental change (Acworth et al., 2020). Further, our study provides a basis for improved understanding and 
management of the groundwater system in the Makutapora Wellfield, and opens the door for improved efficacy and implementation of 
Managed Aquifer Recharge (MAR) in the future by providing a physical basis for recharge in the region (Dillon et al., 2019). 
4. Conclusions 
Few studies have made detailed observations of superficial geological structure in dryland regions. The use of the ERT method in 
conjunction with borehole logs and outcrop observations has enabled delineation of a variety of geometries and inter-relationships of 
superficial geology at four sites in the Makutapora wellfield, Tanzania. These data have revealed lithologies and weathering profiles 
typical of tropical soils underlain by crystalline basement, and permitted development of conceptual models that outline the role of 
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superficial deposits in providing multiple potential pathways for focused groundwater recharge that bypass the low permeability 
smectite clay deposits that cover the wellfield. These can be summarized as follows:  
1) Superficial sand deposits act as collectors and stores that slowly feed recharge into zones of active faulting.  
2) These fault zones provide permeable pathways enabling greater recharge to occur and rapid redistribution of recharge. 
3) Windows within layers of smectitic clay underlying ephemeral streams may provide pathways for focused recharge via trans-
mission losses. 
4) Overbank flooding during high intensity precipitation events that inundate a greater area of the catchment, increases the proba-
bility of activating such permeable pathways. 
Our study was not designed to quantitatively determine the relative proportions of diffuse and focused recharge in the study site but 
does inform future monitoring at a more diverse range of locations within, and peripheral to, the Makutapora wellfield that may 
further elucidate the relative magnitude of diffuse and focused recharge processes. Specifically, further monitoring of smaller streams 
such is expected to understand better and estimate the overall water balance. 
The conceptual models we have developed provide a first step for improved understanding of groundwater recharge in drylands by 
providing a physical basis for how superficial geology controls recharge pathways and processes. These are critical to further un-
derstand and quantify for the purpose of improving groundwater management in response to climate and anthropogenic changes. 
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Jiménez Cisneros, B.E., Oki, T., Arnell, N.W., Benito, G., Cogley, J.G., Döll, P., Jiang, T., Mwakalila, S.S., Kundzewicz, Z., Nishijima, A., 2014. Freshwater resources, in: 
Climate Change 2014 Impacts, Adaptation and Vulnerability: Part A: Global and Sectoral Aspects, pp. 229–270. https://doi.org/10.1017/ 
CBO9781107415379.008. 
Julian, W., Lounsberry, W., Tamura, A., Van Loenen, R., Wright, M.P., 1963. Brief explanation of the geology. Quarter Degree Sheet 134. 
Kabete, J.M., Groves, D.I., McNaughton, N.J., Mruma, A.H., 2012. A new tectonic and temporal framework for the Tanzanian Shield: implications for gold 
metallogeny and undiscovered endowment. Ore Geol. Rev. 48, 88–124. 
Kashaigili, J.J., 2010. Assessment of Groundwater Availability and Its Current and Potential Use and Impacts in Tanzania. Morogoro, Tanzania. 
Kashaigili, J.J., Mashauri, D.A., Abdo, G., 2003. Groundwater management by using mathematical modeling: case of the Makutupora groundwater basin in dodoma 
Tanzania. Botswana J. Technol. 12 https://doi.org/10.4314/bjt.v12i1.15342. 
Kolusu, S.R., Shamsudduha, M., Todd, M.C., Taylor, R.G., Seddon, D., Kashaigili, J.J., Ebrahim, G.Y., Cuthbert, M.O., Sorensen, J.P.R., Villholth, K.G., et al., 2019. The 
El Niño event of 2015–2016: climate anomalies and their impact on groundwater resources in East and Southern Africa. Hydrol. Earth Syst. Sci. Discuss. 23, 
1751–1762. 
LaBrecque, D.J., Miletto, M., Daily, W., Ramirez, A., Owen, E., 1996. The effects of noise on Occam’s inversion of resistivity tomography data. Geophysics 61, 
538–548. 
Lange, J., 2005. Dynamics of transmission losses in a large arid stream channel. J. Hydrol. 306, 112–126. https://doi.org/10.1016/j.jhydrol.2004.09.016. 
Levick, Lainie R., Goodrich, David C., Hernandez, Mariano, Fonseca, Julia, Semmens, Darius J., Stromberg, Juliet C., Tluczek, Melanie, Leidy, Scianni, Melissa, 
Guertin, Phillip D., Kepner, William G., 2008. The ecological and hydrological significance of ephemeral and intermittent streams in the arid and semi-arid 
American Southwest. Environmental Protection Agency, Office of Research and Development. 
Loke, M.H., 2001. RES1D ver. 1.0. 1-D Resistivity, IP & SIP Inversion and Forward Modeling. Wenner and Schlumberger arrays, User’s Manual. 
Loke, M.H., 2002. RES2DMOD Ver. 3.01. Rapid 2D Resist. Forw. Model. Using Finite-difference Finite-elements Method. Geotomo Software. Man. 
Loke, M.H., Acworth, I., Dahlin, T., 2003. A comparison of smooth and blocky inversion methods in 2D electrical imaging surveys. Explor. Geophys. 34, 182–187. 
https://doi.org/10.1071/EG03182. 
Macdonald, A.M., Davies, J., Calow, R.C., 2008. African hydrogeology and rural water supply. Applied Groundwater Studies in Africa, pp. 127–148. 
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